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A new mechanism is proposed for dissipatively preparing maximal Bell entangled state of two atoms in
an optical cavity. This scheme integrates the spontaneous emission, the light shift of atoms in the presence of
dispersive microwave field, and the quantum Zeno dynamics induced by continuous coupling, to obtain a unique
steady state irrespective of initial state. Even for a large cavity decay, a high-fidelity entangled state is achievable
at a short convergence time, since the occupation of cavity mode is inhibited by the Zeno requirement. Therefore,
a low single-atom cooperativity C = g2/(κγ) is good enough for realizing a high fidelity of entanglement in
a wide range of decoherence parameters. As a straightforward extension, the feasibility for preparation of two-
atom Knill-Laflamme-Milburn state with the same mechanism is also discussed.
Quantum entanglement, as a fundamental feature in quan-
tum mechanics, plays an important role in the development
of quantum information. It describes a strongly correlated
system constituted by pairs or groups of particles, where a
measurement, made on either of the particles apparently col-
lapses the state of the system instantaneously [1]. Because of
the effectiveness and security, the quantum entangled states
have been used in various practical applications, ranging from
quantum teleportation to one-way quantum computation [2–
5]. And then, more and more interests are devoted to study the
preparation of quantum entanglement, especially in the field
of experimental quantum information science [6, 7].
As is well known, the quantum dissipation induced by the
coupling between quantum systems and the environment is a
major issue in the development of quantum science and tech-
nology, which is mathematically characterized by a Lindblad
generator in Markovian quantum master equations. Tradi-
tionally, it has been considered that the dissipation can only
have detrimental effects in quantum information processing
tasks because of the decoherent effect on investigated quan-
tum system. However, recent studies have changed the view
of people for dissipation due to the fact that the environment
can be used as a resource for quantum computation and en-
tanglement generation [8–14]. In particular, G. Vacanti and
A. Beige [8] discussed the possibility of preparing highly en-
tangled states via spontaneous emission from excited atomic
states. In Ref. [12], Shao et al. proposed a dissipative scheme
to prepare a three-dimensional entanglement in an optical cav-
ity, where the atomic decay played a positive role in the dy-
namic evolution.
The quantum Zeno effect is an efficient way of combating
decoherence. Under frequent measurement, an unstable par-
ticle can never decay [15]. The first experimental observa-
tion of the quantum Zeno effect was achieved by Cook [16].
And then the effect was successfully demonstrated in experi-
ments for different systems, such as photon polarization [17],
cavity QED [18] and Bose-Einstein condensates [19], and so
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on. However, it is not necessary for the quantum Zeno effect
to freeze everything and more general phenomena can take
place. The quantum Zeno dynamics [20–22] allows the sys-
tem to evolve away from its initial state under a multidimen-
sional projection. In the context of cavity quantum electro-
dynamics, the quantum Zeno dynamics induced by a strongly
continuous coupling guarantees a robust way of quantum in-
formation processing against cavity decay [23–28].
Rigorous extensions of the quantum Zeno dynamics have
appeared in Ref. [20–22]. Here, we only give an elemen-
tary introduction to the quantum Zeno dynamics induced by
continuous coupling. A generic Hamiltonian of a dynamical
evolution can be written as HK = H + KHc, where H is
the Hamiltonian of the quantum system, Hc is an additional
interaction Hamiltonian caricaturing the continuous measure-
ment and K is coupling constant. In the limit of K → ∞,
the evolution operator of the system, UK(t) = exp (−iHKt),
is dominated by exp (−iKHct). Then we can consider the
limiting operator as UZ(t) = limK→∞ exp (iKHct)UK(t),
which can be rewritten as UZ(t) = exp (−iHZt), where
HZ = PˆH =
∑
n PnHPn is the Zeno Hamiltonian, and Pn
is the eigenprojection of Hc with corresponding eigenvalue
ηn, in other words, Hc =
∑
n ηnPn. In conclusion, the limit-
ing evolution operator of the whole system can be written as,
UK(t) = exp
(
− i∑nKtηnPn + PnHPnt
)
, which is the
basic formula to obtain the effective Hamiltonian in the next
section.
Our setup consisting of two Λ atoms trapped in an optical
cavity is shown in Fig. 1(a). The transition between states |1〉
and |2〉 is coupled to the quantized cavity field resonantly with
coupling strength g, and the transition between states |0〉 and
|2〉 is driven a resonant laser with Rabi frequency Ω. Besides,
the transition between ground states |0〉 and |1〉 is caused by
a microwave field with Rabi frequency ΩMW , detuning δ.
Then, we can write down the Hamiltonian of system in the
Schro¨dinger picture (~ = 1).
HS = H
S
0 +H
S
I +H
S
MW , (1)
where HS0 =
∑B
i=A
∑2
j=0 ωj |j〉i〈j| + ωaa†a, HSI =∑B
i=A g|2〉i〈1|a + Ω(|2〉A〈0| + eiφ|2〉B〈0|)e−iωbt + H.c.,
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FIG. 1: (Color online) (a) Level diagram of two Λ-type atoms A
and B trapped into an optical cavity. The γ and κ denote the rate of
atomic decay and cavity decay, respectively. (b) Effective transitions
of two atoms. (c) Populations of corresponding states are plotted as
functions of gt.
HSMW = ΩMW
∑B
i=A |1〉i〈0|e−iωt + H.c., and a and a† de-
note the annihilation and creation operators of the quantized
cavity mode. ωj(j = 0, 1, 2) and ωa are the corresponding
frequencies of state |j〉 and cavity mode, respectively. ωb de-
notes the frequency of the resonant classical field and ω is
the frequency of the dispersive microwave field. φ stands for
the phase difference of the classical optical lasers acting on
two atoms and we consider φ = pi in the following. Now
we reformulate the Hamiltonian in the interaction picture as
HI = H
I
M + H
I
W . And H
I
M =
∑B
i=A ΩMW (|1〉i〈0| +
H.c.)+δ|1〉i〈1|−δa†a,HIW =
∑B
i=A g|2〉i〈1|a+Ω(|2〉A〈0|−
|2〉B〈0|) + H.c., and δ = ω1 − ω0 − ω is the detuning pa-
rameter of microwave field. The corresponding dynamics of
current system is governed by the master equation
ρ˙ = −i[HI , ρ] +
5∑
k=1
LkρLk† − 1
2
(Lk†Lkρ+ ρLk†Lk), (2)
where the Lindbald operators associated with atomic
spontaneous emission and cavity decay are L1(2) =√
γ/2|0(1)〉A〈2|, L3(4) =
√
γ/2|0(1)〉B〈2|, and L5 =
√
κa,
provided that the branching ratio of the atomic decay from
state |2〉 to state |0(1)〉 is γ/2 for simplicity.
Referring to the formula of quantum Zeno dynamics, the
Hamiltonian HIW is able to be written as H
I
W = Ω(Hc +
KHp), where K = g/Ω, Hc represents the interaction be-
tween atoms and classical field, and Hp stands for the inter-
action between atoms and the cavity field. In the regime of
strong coupling g ≫ Ω, the limiting condition of the quan-
tum Zeno dynamics, K → ∞, is satisfied and we can sim-
plify the term HIW as H
I
W = Ω|T 〉〈D| ⊗ |0〉c〈0| + H.c.,
where |0〉c denotes the vacuum state of cavity mode and
|D〉 = (|21〉 − |12〉)/√2, |T 〉 = (|01〉+ |10〉)/√2. Then the
total HamiltonianHI can be expressed as
Heff =
√
2ΩMW (|00〉〈T |+ |11〉〈T |) + Ω|D〉〈T |+H.c.
+δ(|D〉〈D|+ |T 〉〈T |+ |S〉〈S|+ 2|11〉〈11|). (3)
From Eq. (3), we can find that the cavity field has been de-
coupled to the effective model. Thus the cavity decay has
no effect on our proposal, and the Lindblad operators de-
scribing the spontaneous emission of atoms are in form of
L1 =
√
γ/8(|T 〉 + |S〉)〈D|, L2 =
√
γ/4|11〉〈D|, L3 =√
γ/8(|T 〉 − |S〉)〈D|, L4 =
√
γ/4|11〉〈D|, where |S〉 =
(|01〉 − |10〉)/√2 is the target state to be prepared. Conse-
quently, the Lindblad terms of Eq. (2) can be rewritten as
Lρ = γ
2
|11〉〈D|ρ|D〉〈11| − γ
2
(|D〉〈D|ρ+ ρ|D〉〈D|)
+
γ
4
|T 〉〈D|ρ|D〉〈T |+ γ
4
|S〉〈D|ρ|D〉〈S|. (4)
From Eqs. (3) and (4), we can achieve the effective master
equation of system
ρ˙ = −i[Heff , ρ]+
3∑
m=1
LmeffρL
m†
eff −
1
2
(Lm†eff L
m
effρ+ρL
m†
eff L
m
eff),
(5)
where L1eff =
√
γ/2|11〉〈D|, L2(3)eff =
√
γ/4|T (S)〉〈D|.
From the effective master equation of Eq. (5), it is intuitive
to analytically investigate the evolution of the reduced sys-
tem, as shown in Fig. 1(b). There are four ground states |00〉,
|T 〉, |11〉 and |S〉, where the transitions among states |00〉,
|T 〉, and |11〉 are coupled by the microwave field. Since the
optical pumping laser of Rabi frequency Ω drives the tran-
sition |T 〉 ↔ |D〉, a quantum state initialized in subspace
{|00〉, |T 〉, |11〉} will always be pumped into the excited state
|D〉 and further spontaneously decay into states |11〉, |T 〉 and
|S〉, respectively. In the absence of the detuning of microwave
field, there is no steady solution of Eq. (5) because the states
(|00〉−|11〉)/√2 and |S〉 are both the steady states of the sys-
tem. Once the the detuning of microwave field is introduced,
the degeneracy is eliminated and the state |S〉 becomes the
unique steady state of system. Therefore, the cooperation of
dissipation, quantum Zeno dynamics, and the detuning of mi-
crowave field finally stabilizes the system into the target state
|S〉.
In order to confirm the above analysis, we utilize the defini-
tion of population P = 〈S|ρ(t)|S〉 to assess the performance
of current scheme in Fig. 1(c). The initial state is randomly se-
lected as ρ0 = a|00〉〈00|+ b|11〉〈11|+ c|10〉〈10|+d|01〉〈01|,
with a = 0.3, b = 0.15, c = 0.45, and d = 0.1. Under the
given parameters Ω = 0.1g, ΩMW = 0.5Ω, δ = 0.02g, γ =
0.1g, κ = 0, the populations of states |T 〉 (dash-dotted line),
|00〉 (dashed line), and |11〉 (dotted line) numerically simu-
lated by the full master equation undergo rapid coherent os-
cillations with an envelope decaying, while the population
of the target state governed by the effective master equation
(empty circle) is in good agreement with the population ob-
tained from the full master equation (solid line), which both
approach to the maximal value at gt = 1500. In other words,
the effective master equation provides a good approximation
for us to explain the behavior of the full master equation. In
Fig. 2(a), we also investigate the influence of the detuning of
microwave field on the preparation of entanglement. Starting
from the initial state |00〉, the populations are plotted by fixing
the Rabi frequencyΩMW but altering the detuning parameter
from δ = 0.5ΩMW to δ = 2ΩMW , while other parameters
are same as in Fig. 1(c). The result signifies that the current
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FIG. 2: (Color online) (a) Populations of |S〉 with different δ,
are plotted as a function of time gt. The parameters: Ω =
0.1g, ΩMW = 0.5Ω, γ = 0.1g, and κ = 0. (b) Dependence of
the population for |S〉 on time is shown for different Ω. Other pa-
rameters: ΩMW = 0.5Ω, γ = 0.1g, κ = 0.1g and δ = ΩMW . The
initial states both are |00〉.
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FIG. 3: (Color online) Contour plot (dashed lines) of the population
for |S〉 in the steady state, and the dashed-dotted curves from left
to right correspond to the single-atom cooperativity parameters C =
79, 36, 23, 16, and 12.2, respectively. Other parameters: Ω =
0.01g, ΩMW = 0.5Ω and δ = 1.3ΩMW .
scheme does not rely on a specific value of detuning from the
point of view of the steady state [9]. Although there may be an
optimal value of δ leading to a fastest convergence of steady
state, the final quality of entanglement is not affected.
The previous discussions are mainly based on a model of
a perfect cavity. In order to fully characterize the robustness
against parameter fluctuation, we consider the cavity decaying
at a rate κ. In Fig. 2(b), we plot the dependence of the pop-
ulations on time with different Ω. According to the limiting
condition of quantum Zeno dynamics K → ∞, the coupling
strength g needs to be much larger than the Rabi frequencyΩ
in order to have a good approximation for the effective transi-
tions of Fig. 1(b). An increase of Ω/g will destruct the limit-
ing condition, thereby enlarging the deviation between the ef-
fective transitions and the realistic transitions, and making the
scheme more sensitive to the cavity loss. Then the popolation
of desired state will be reduced, accompanied by a shortened
convergence time of entanglement.
In Fig. 3, we obtain the steady state ρs by solving ρ˙ = 0
in Eq. (2), and plot the contour of population for state |S〉 as
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FIG. 4: (Color online) (a) Atomic level configuration and (b) effec-
tive transitions for generation of two-atom KLM state. (c) Popula-
tions of KLM state governed by full and effective master equation are
plotted as functions of gt and the inset shows the populations with
different κ.
functions of atomic spontaneous emission and cavity decay,
respectively. It is shown that for a small atomic decay but a big
cavity decay, the population is reduced. This behavior exactly
proves the practicability of preparing the entangled state |S〉
by spontaneous emission. However, the population can be still
above 90% as long as 0.01g < γ < 0.27g, even at a large cav-
ity decay κ = 0.3g (12 < C < 333). This performance veri-
fies again the effective Hamiltonian of quantum Zeno dynam-
ics and the effective transition in Fig. 1(b). It also means that a
high-fidelity steady entangled state can be prepared for a wide
range of decoherence parameters. The dashed-dotted lines de-
note the cooperativity C = 79, 36, 23, 16, and 12.2 from
left to right. Combining the contour plot of population, we
can pick out the optimal values of each cooperativity, which
approach 98.15% (C = 79), 96.10% (C = 36), 94.17%
(C = 23), 92.01% (C = 16), and 90.00% (C = 12.2). This
data is instrumental for researchers to seek suitable physical
systems for preparation of entanglement with a high fidelity.
Furthermore, our scheme not only can be used to pre-
pare the antisymmetric entangled state |S〉, but also pos-
sesses the ability to produce some specific entanglement.
For instance, the Knill-Laflamme-Milburn (KLM) state is
a particular form of entangled state, which is defined as
[29] |tn〉 = 1√1+n
∑n
j=0 |1〉j |0〉n−j, where the notation |a〉j
means |a〉|a〉..., j times. Employing the KLM states as an-
cillary resources, one can improve the success probability
of teleportation gradually closed to unity with the increase
of the particle number in the KLM state. For the case of
n = 2, the two-particle KLM state reads |t2〉 = (|00〉12 +
|10〉12+ |11〉12)/
√
3. To prepare the above state dissipatively,
we remove the resonantly optical laser driving the transi-
tion between state |0〉 and state |2〉 of the second atom, set
δ = ΩMW , and keep a pi-phase difference between the Rabi
frequencies of the dispersive microwave fields acting on two
atoms, as illustrated in Fig. 4(a). The effective Hamiltonian
Heff can be rewritten as
Heff = ΩMW (|00〉 − |11〉)(〈10| − 〈01|) + Ω√
2
|D〉〈01|+H.c.
+δ(|D〉〈D|+ |01〉〈01|+ |10〉〈10|+ 2|11〉〈11|). (6)
4The effective Lindbald operators are L1eff =
√
γ/2|11〉〈D|,
L
2(3)
eff =
√
γ/4|10(01)〉〈D|. The corresponding effective
transitions of states are shown in Fig. 4(b). The four ground
states |00〉, |10〉, |01〉, and |11〉 can transfer to each other ow-
ing to the effect of microwave field. Since the driving of the
optical pumping laser with Rabi frequency Ω, the transition
|01〉 ↔ |D〉 will always occur. Meanwhile, the spontaneous
emission of the excited state |D〉 results in the states |10〉, |01〉
and |11〉 populated. Combining the detuning of microwave
field and the condition δ = ΩMW , the target state |t2〉 be-
comes the unique steady state of system. Ultimately, the sys-
tem is stabilized into the two-atoms entangled KLM state.
In the Fig. 4(c), the validity of the above analysis for the
reduced system is proved by the coincidence of the popula-
tions of KLM state governed by full (solid line) and effective
(empty circles) master equations. The parameters are same
as the Fig. 1(c) except for Ω = 0.05g. The inset plots the
populations of KLM state governed by full master equation
with different κ and also reflects the robustness of the present
scheme.
Finally, we discuss the experimental feasibility of the
scheme. Ref. [30] reported the projected limits for a Fabry-
Perot cavity. The coupling coefficient g/2pi is 770 MHz.
Based on the corresponding critical photon number and crit-
ical atom number, we obtain (κ, γ)/2pi = (21.7, 2.6) MHz.
These parameters make the fidelity F =
√
〈S|ρ(t)|S〉 and
F =
√
〈t2|ρ(t)|t2〉 reach 99.66% and 99.75%, respec-
tively, while other relevant parameters are selected as Ω =
0.01g, ΩMW = 0.5Ω and δ = ΩMW . Moreover, in
a microscopic optical resonator [31], the parameters of an
atom interacting with an evanescent field are (g, κ, γ)/2pi =
(70, 5, 1) MHz, which correspond to the fidelity 99.71% and
99.77% of our proposal. In another experiment [32, 33],
Cesium atoms are trapped inside a high finesse optical res-
onator, where the maximum single-photon Rabi frequency is
g/2pi = 34MHz. The decay rate is γ/2pi = 2.6MHz, and the
cavity field decays at a rate κ/2pi = 4.1 MHz. Substituting
these values into the steady-state solution of the full schemes
of |S〉 and |t2〉, the fidelity is acquired as 99.18% and 99.19%,
respectively.
In summary, we have systematically investigated the fea-
sibility for preparing maximal entanglement of two Λ-type
atoms via dissipation. The spontaneous emission of atoms is
actively exploited, and the cavity decay is suppressed due to
the quantum Zeno dynamics. The dispersive microwave field
efficiently eliminates the energy degeneracy of ground state,
resulting in a unique steady solution of system. An effective
master equation for describing the evolution of system is es-
tablished, which is then confirmed by strictly numerical simu-
lations. Therefore, our scheme guarantees that a high-fidelity
steady entangled state can be prepared for a wide range of de-
coherence parameters. We believe that our work may provide
a new opportunity for entanglement preparation experimen-
tally.
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